This study investigated the in vitro and in vivo antioxidant activities of polyphenol extracted from black garlic. Black garlic polyphenol (BGP) was extracted from black garlic. The in vitro antioxidant activities of BGP were determined using DPPH·, OH and O 2-radical scavenging assays. The in vivo antioxidant activities were determined by detecting the malondialdehyde (MDA) content and superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activities in mice. Results showed that, the DPPH· radical inhibition rate of 200 and 250 μg/mL BGP was equivalent with Vc (P > 0.05). With concentration of 400 and 500 μg/mL, the OH radical inhibition rate of BGP was slightly lower than Vc (P > 0.05). The O 2-radical inhibition rates of 200, 400, 600, 800 and 1000 μg/mL BGP were significantly lower than Vc (P < 0.05). In the groups treated with BGP with suitable dose, the serum MDA content was significantly decreased compared with model group (P < 0.05), and the serum SOD and GSH-Px activities were significantly increased (P < 0.05). BGP has obvious DPPH· and ·OH radical scavenging activities, and can significantly decrease the serum MDA content in mice with oxidative damage, and increase the serum SOD and GSH-Px activities.
Introduction
Garlic (Allium sativum L.) is considered as one of the best health daily foods. It has anti-bacterial and anti-inflammatory activities, and can improve the body immunity, treat cardiovascular diseases and prevent cancer (Galeone et al., 2006; Rahman & Lowe, 2006) . Black garlic is a new type of garlic products, which is processed from fresh garlic by enzyme treatment, curing and drying. Black garlic has the sweet and sour taste and good mouth feel, without garlic pungent, and can be eaten directly. Compared with fresh garlic, the black garlic has richer nutrition and enhanced biological activity, and the application prospect is more extensive (Jung et al., 2014) . It is found that, the total phenolic content in black garlic is 5-8 time higher than that of fresh garlic, so the black garlic has higher antioxidant activity than fresh garlic (Kim et al., 2013a) . Phenolic compounds are the important functional components in black garlic, and are the important indicator to measure the quality of fresh garlic product . Therefore, it is of great significance to study the phenolic compounds in black garlic. In this study, the black garlic polyphenol (BGP) was extracted from the black garlic, in vivo and in vitro antioxidant activities of BGP were investigated. The objective was to provide a basis for further studying the active components of BGP and their applications.
Materials and methods

Materials
Black garlic was prepared in our laboratory. It was fermented from fresh garlic in constant temperature and humidity box (75 °C, 85% relative humidity) for 12 consecutive days. Clean-grade male Kunming mice (weight 20.0 ± 1.8 g, fed in standard animal house, with basic pellet feed, free eating and drinking water) were provided by Laboratory Animal Center, Nanjing Medical University. Malondialdehyde (MDA), superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) were purchased from Nanjing Jiancheng Biological Engineering Institute (Nanjing, China). Gallic acid standard was provided by National Institutes for Food and Drug Control (Beijing, China). Folin phenol reagent, 2.2-diphenyl-1-picrylhydrazinyl (DPPH), vitamin C (Vc) and other regents were provided by Sigma-Aldrich Corp. (MO, USA).
Extraction of BGP
Black garlic was washed, and was dried at 50 °C in oven, followed by smashing in crushing machine and sieving using 100 mesh sieves. Black garlic powder was added to 80% (V/V) ethanol solution, followed by oscillation extraction at 40 °C water bath for 3 h. After filtration, the residue was extracted for repeated 2 times. The filtrates of three extractions were mixed, followed by rotary evaporation with vacuum at 45 °C to removing ethanol In vitro and in vivo antioxidant activities of polyphenol extracted from black garlic Weidong WANG 1 and obtaining the extractum. The extractum was dissolved in water, and then was adsorbed in AB-8 macroporous adsorption resin. After elution using 20% (V/V) ethanol solution, the eluate was obtained and was filtered by 0.45 μm microfiltration membrane. After vacuum concentration and vacuum-freeze drying, the BGP product was obtained. After determination by Folin-Ciocalteu colorimetric method, the polyphenol content in BGP product was 8.45%.
Determination of in vitro antioxidant activities of BGP
In vitro antioxidant activity experiments included DPPH· radical scavenging assay, OH radical scavenging assay and O 2-radical scavenging assay. The DPPH· radical scavenging assay was performed based on the method reported by Zhang et al. (2011) with some modifications; the OH radical scavenging assay was performed according to the method reported by Su et al. (2009) ; the O 2-radical scavenging assay was performed according to the method reported by Liu et al. (1997) . All experiments were repeated for three times.
Determination of in vivo antioxidant activities of BGP
Fifty Kunming mice were randomly divided into 5 groups including control group, model group, 10, 20 and 40 mg/kg BGP group, 10 mice in each group. The control group and model group were intragastrically administered with 0.2 mL distilled water, and other 3 groups were intragastrically administered with BGP at dose of 10, 20 and 40 mg/kg, respectively. The administration was performed once per day. After 20 days, the mice were starved overnight (fasting for 12 h), and the model group, 10, 20 and 40 mg/kg BGP group were intragastrically administered with benzene bromide dissolved in olive oil (0.4 mg/kg) at dose of 0.2 mL/20 g. The control group was given the same volume of olive oil. After 20 h, the blood was gained from the eyeballs of mice, and the serum was isolated. The serum MDA content was determined according to the method reported by Placer et al. (1966) , the serum SOD activity was determined according to the method reported by Minami & Yoshikawa (1979) , and the serum GSH-Px activity was determined according to the method reported by Paglia & Valentine (1967) . The test was repeated for three times.
Statistical analysis
All statistical analysis was carried out using SPSS13.0 software (SPSS Inc., Chicago, IL, USA). The data were presented as mean ± SD. Comparison between two groups was performed using t test. P < 0.05 was considered as statistically significant.
Results
DPPH radical scavenging activity of BGP
DPPH radical inhibition rate of BGP with concentration of 50, 100 and 150 μg/mL was significantly lower than that of Vc with the same concentration (P < 0.05). When the concentration was 200 and 250 μg/mL, the DPPH· radical inhibition rate of BGP was equivalent with that of Vc with the same concentration, with no significant difference between them (P > 0.05).
The IC 50 values of BGP and Vc for DPPH· radical inhibition were 140.79 and 80.45 μg/mL, respectively (Figure 1 ). Figure 2 showed taht, the OH radical inhibition rate of BGP with concentration of 100, 200 and 200 μg/mL was significantly lower than that of Vc with the same concentration (P < 0.05). When the concentration was 400 and 500 μg/mL, the OH radical inhibition rate of BGP was slightly lower than that of Vc with the same concentration, and the difference was not significant (P > 0.05). The IC 50 values of BGP and Vc for ·OH radical inhibition were 268.09 μg/mL and 215.98 μg/mL, respectively.
OH radical scavenging activity of BGP
O
2-radical scavenging activity of BGP As shown in Figure 3 , the O 2-radical inhibition rate of BGP with concentration of 200, 400, 600, 800 and 1000 μg/mL was significantly lower than that of Vc with the same concentration Figure 4 showed that, the serum MDA content in model group was significantly higher than control group (P < 0.05). BGP with dose of 10 mg/kg could not significantly decrease the serum MDA content (10 mg/kg BGP vs control, P < 0.05; 10 mg/kg BGP vs model, P > 0.05). Compared with model group, the MDA contents in 20 and 40 mg/kg BGP groups were significantly decreased (P < 0.05), and there was no significant difference between 20 mg/kg BGP group and control group (P > 0.05) and between 40 mg/kg BGP group and control group (P > 0.05), and there was no significant difference between 20 and 40 mg/kg BGP groups (P > 0.05).
Effect of BGP on serum MDA content in mice
Effect of BGP on serum SOD activity in mice
Serum SOD activity in model group and 10 mg/kg BGP group was significantly lower than control group, respectively (P < 0.05). The serum SOD activities in 20 and 40 mg/kg BGP groups were significantly higher than model group, respectively (P < 0.05). There was no significant difference between each two of 20 mg/kg BGP, 40 mg/kg BGP and control groups (P > 0.05) ( Figure 5 ).
Effect of BGP on serum GSH-Px activity in mice
Serum GSH-Px activity in model group was significantly lower than control group (P < 0.05), and that in 10 and 20 mg/kg BGP groups was also significantly lower than control group, respectively (P < 0.05). The serum SOD activity in 40 mg/kg BGP groups was significantly higher than model group, respectively (P < 0.05). There was no significant difference among model, 10 mg/kg BGP and 20 mg/kg BGP groups (P > 0.05) (Figure 6 ).
Discussion
Modern science researches believe that, the human aging and the aging related diseases are related to the imbalance between the production of highly-reactive free radicals in body and the scavenging of radicals by antioxidant enzymes (Pierrefiche & Laborit, 1995) . This imbalance can cause the excessive concentration of free radicals in body, leading to the oxidative damage of cell membranes, lipids, nucleic acids and proteins, which results in the cell structure and function destruction and occurrence and development of diseases (Blokhina et al., 2003) . Garlic has the antibacterial (Farbman et al., 1993) , antiviral (Tsai et al., 1985) , anti-inflammatory (Kim et al., 2013b) , insecticidal (Yang et al., 2009 ), blood lipid regulating (Bordia et al., 1998) , blood glucose decreasing (Bordia et al., 1998) , detoxification (Sheen et al., 1996) , atherosclerosis preventing (Bordia et al., 1977) and immunity improving (Qiu et al., 2014) functions. It is reported that, the pharmacological effects of garlic are closely related to its antioxidant properties (El-Din et al., 2014) . Black garlic is derivative of garlic after fermentation preparation. It can preserve partial nutrients of garlic. After fermentation, the content of polyphenol in black garlic is much higher than ordinary garlic (Su et al., 2009) . Therefore, the antioxidant activities of black garlic is worth of attention. In this study, BGP was extracted from the black garlic. After determination by Folin-Ciocalteu colorimetric method, the content of polyphenol in BGP product was 8.45%. This indicates that, black garlic has relatively higher content of polyphenol, which has provided a basis for its antioxidant activities.
In vitro antioxidant activity test is often used to evaluate the potential antioxidant activity of some substances, and was used as a basis for in vivo antioxidant test. The scavenging ability assays on DPPH· radical, ·OH radical and O 2-· radical were the common used method to determine the in vitro antioxidant activities. Results of this study showed that, the DPPH· radical and ·OH radical scavenging activities of BGP with low concentration were significantly lower than Vc with the same concentration (P < 0.05), but those of BGP with high concentration was equivalent with Vc with the same concentration. This indicates that, relatively high concentration of BGP has obvious DPPH· radical and ·OH radical scavenging abilities. O 2-· radical scavenging assay showed that, the O 2-radical inhibition rate of BGP with different concentrations was significantly lower than Vc with the same concentration (P < 0.05). This indicates that, BGP has poor scavenging ability of O 2-radical.
MDA is one of the final products of cell membrane lipid peroxidation, which can indirectly reflect the degree of cell membrane peroxidation (Janero, 1990) . SOD is an important antioxidant enzyme in the body, which can catalyze the transformation of oxygen free radicals to hydrogen peroxide, and avoid the damage to cells (Fehér et al., 1988) . GSH-Px is a kind of antioxidant enzyme which can scavenge the free radicals and inhibit the free radical reaction (Pilarczyk et al., 2012) . The results of this study showed that, the serum MDA content in model group was significantly higher than control group (P < 0.05), and the serum SOD and GSH-Px activities in model group were significantly lower than control group (P < 0.05). This indicated that, the in vivo oxidative damage model was successfully established. In the groups treated with BGP with suitable dose, the serum MDA content was significantly decreased compared with model group (P < 0.05), and the serum SOD and GSH-Px activities were significantly increased (P < 0.05). This indicates that, the BGP has good in vivo antioxidant activities, which are basically in accordance with the in vitro antioxidant activities.
Conclusion
Black garlic has high content of polyphenol. BGP has obvious DPPH· radical and ·OH radical scavenging activities, and can significantly decrease the serum MDA content in mice, and increase the serum SOD and GSH-Px activities. It is worth of further popularization and application
